In this study, we apply temperature, precipitation, and other data from 66 Chinese meteorological stations including Xining and Lhasa to analyze the extreme climate events and their impacting factors over the Qinghai-Tibet Plateau during the period 1961-2007. We focus on the spatial and temporal features of extreme climate events and their long-term changes over five climate zones of alpine grassland, meadow, and desert areas.
Introduction
The Qinghai-Tibet Plateau (QTP; referred to the central and eastern portion of the Tibetan Plateau in this study) is one of the major regions of biological species in China. The unique plateau ecosystem is an important part of the ''eco-source'' of China and plays a significant role in maintaining the ecological security of the country (e.g. Xiao and Li, 2000; Qian et al., 2007; Li et al., 2010) . As reviewed by Li et al. (2007) , Liu et al. (2007) , and Bianduo et al. (2009) , changes in the climate over the plateau are important not only for local ecology and environment but also for the climate outside the region (also see Trenberth and Chen, 1988; Murakami, 1987; Yanai and Wu, 2006) .
Previous studies (e.g., Zhou et al., 2006; Cui et al., 2007; Li et al., 2007; Sato et al., 2009 ) have shown that the alpine ecosystems in the QTP region are extremely sensitive to climate conditions and the changes in climate and eco-environment over the plateau have directly affected the development of local natural resources. In past decades, the mean temperature over QTP has increased (Liu and Chen, 2000) , and this warming has resulted in ecological degradation and shortage of water resources and affected the socioeconomic sustainable development in the region (Tang, 1998; Niu et al., 2005) . Previous studies have also shown that the effects of QTP, both thermal and dynamic, lead to changes in the climate over Asia (Terao, 1999; Wang, 2002; Wu et al., 2007) and even the Asian-Pacific-American sector (Broccoli and Manabe, 1992; Zhang et al., 2005) . It is well known that the changes in the Asian monsoon are closely related to the thermal conditions over QTP (He et al., 1987; Yang et al., 2004; Sato and Kimura, 2007; Gao and Yang, 2009; Bao et al., 2010) . Recently, Nan et al. (2009) indicated that low (high) temperatures over the Tibetan plateau in spring is followed by increase (decrease) in sea surface temperatures over the tropical central-eastern Pacific Ocean in summer, implying an antecedent signal of El Niñ o-Southern Oscillation in the plateau thermal condition.
Studies of the QTP climate have focused more on the change in temperature than on the change in precipitation (e.g. Tang et al., 1998; Yao et al., 2000) . As reviewed above, the mean temperature in QTP has apparently increased (e.g. Liu and Chen, 2000) . In recent years, several studies have been conducted to understand the climate extremes over the region Li et al., 2007; You et al., 2008) . In particular, Liu et al. (2006) have investigated the trends of daily and monthly maximum and minimum temperatures, number of frost days, and length of growing season for 1961-2003. They found that the warming trend in the plateau region, where the winter nighttime trend was larger than in other regions, decreased the number of frost days and lengthened the growing season. You et al. (2008) have further analyzed the changes in climate extremes associated with daily temperature and precipitation over the Tibetan plateau. The authors showed that, besides the warming trends of temperature events measured by various indices, the number of consecutive dry days decreased significantly. Smaller and insignificant trends were also found in maximum pentad precipitation and consecutive wet days. The climate over QTP also tends to be warmer in later years, which may exert a greater impact on the ecosystem and lead to more complicated and uncertain relationships between climate change and the ecosystem (Duan et al., 2006; Xu et al., 2005) .
Many studies have explained the past and possible future changes over and near the plateau in the global warming scenario (e.g., Jiang et al., 2008a Jiang et al., , 2008b Dong et al., 2010; Zhao et al., 2010) .
Apparently, previous studies of the climate over QTP have mainly focused on the seasonal or monthly means of total climate conditions and their temporal changes. Relatively less effort has been devoted to understanding the characteristics of extreme climate events, especially their long-term changes. In spite of the limited studies reviewed above, many detailed features about the climate extremes over the plateau region still remain unknown. For example, to understand the more detailed features of temperature and precipitation events, finer classifications of these events with more characteristic classes are needed. There exists also a lack in characterizing complex regional features, especially those involved with change of precipitation. In addition, the data that have been analyzed in many previous studies are usually sparse and do not have long records. The quality of many data, especially the proxy data, analyzed may be low, due partially to the difficulties in obtaining reliable and long-recorded observational data over high-altitude regions.
In this study, we apply daily data from dense meteorological stations over the QTP region that cover several decades to reveal detailed features of the change in plateau climate. We analyze not only the features of mean climate conditions but also the detailed characteristics of extreme temperature and precipitation events using the same data sets. We conduct a quality control of the data sets, analyze the quantity of aridity, divide the analysis region into different climate zones, and categorize temperature and precipitation events into different classes. In the next section, we describe the major features of the data sets and analysis methods applied. In section three, we present the results obtained from the analysis. Here, we first depict the trends of changes in mean climate conditions and then analyze the characteristics of long-term changes in extreme temperature and precipitation events. Conclusions of the results obtained are provided in section four.
Data and Calculation Methods
This study analyzes the station data of annual, monthly, and daily temperature and precipitation from the China Meteorological Administration for the time period of 1961-2007. The stations are distributed in Qinghai Province, the Tibet Autonomous Region, and the Autonomous Prefectures of Gannan in Gansu Province, Garze and Aba in Sichuan Province, and Diqing in Yunnan Province. As shown by Feng et al. (2004) , data quality control is important for producing reliable features in analyzing daily meteorological data for western China. In this study, we conduct a quality control for the data sets obtained, which yields 66 stations for analysis. For missing data, we examine the information over the surrounding stations and apply the data that is are reliable as determined by the running t-test method. For the stations with records that may be affected by change in meteorological instruments, we correct the data using the difference in the data values averaged before and after instrument change, mainly for temperature, so that the corrected data is fitted into the data series after the change in instruments. Lastly, for relocated stations, we correct both precipitation and temperature data also using the mean series of the surrounding five stations that have not been relocated to avoid any data discontinuity due to relocation of stations. The specific locations of the 66 Chinese meteorological stations are shown in Figure 1 .
We apply a rotational empirical orthogonal (REOF; Gutzler et al., 1988) analysis to determine climate zones for the region of study. Other statistical analysis methods including the leastsquares method for linear trend analysis, correlation analysis, and the Mann-Kendall test (M-K test; Kendall and Gibbons, 1981) for abrupt climate changes are also applied. Extreme climate events are determined by the following statistical methods for each station and analysis domain.
(1) For seasonal and annual means, we first organize temperature in the descending order of five classes: warm, slightly warm, normal, slightly cool, and cool. Among the five classes, warm and cool classes are set as 12.5% of the total samples, respectively, and each of the other three classes takes up 25%. The threshold values of the mean temperature are delineated for each of the four seasons and for the whole year. Similar analysis can be found in Han and Gong (2003) and Zhai and Pan (2003) . (2) Following the standards for the drought and flood events in China (Zhang et al., 1983; Shi, 1995) , the amounts of seasonal and annual precipitation over QTP are divided, respectively, into five dryness (or wetness) classes: wet, R i w (R Rz1:17s), slightly wet, (R Rz1:17s) §R i w(R Rz0:33s), normal (R Rz0:33s) §R i w(R R{0:33s), slightly dry (R R{0:33s) § R i w(R R{1:17s), and dry R i ƒ(R R{1:17s). Here, R i is the annual or seasonal mean precipitation for individual years and R R is the climatological average of precipitation. s is the standard deviation of annual or seasonal mean precipitation. (3) From the daily mean temperature of all years, we define the top (bottom) 2.5% of temperature, i.e. the highest (lowest) 2.5%, as the extremely high (low) temperature events (also see Zhang et al., 1983) . (4) We determine dry events based on the consecutive days without precipitation and define the seriously dry events as those events in which no precipitation occurs in 10 days or more. The seriously dry events over the plateau are computed as the sum of those events over all stations. (5) We define heavy rain events as those events in which daily precipitation is more than 25 mm, consistent with the definition by the Quality and Technology Administration in Qinghai Province (2001) . The definition of 25 mm is also the criterion of meteorological operations of the China Meteorological Administration for northwestern China. The heavy rain events over the plateau are computed as the sum of those events over all stations. 
Results
We first apply a REOF analysis to the time series of aridity over the 66 stations for 1961-2007 to determine the climate zones over the QTP region, with additional considerations of geographical factors including land cover and terrains. The aridity (I) is computed using temperature (T) and precipitation (P) as I 5 (T + 10) P
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, following Meng et al. (2004) . More specifically, we divide the plateau region into five climate zones based on the REOF patterns, with considerations of the difference in grassland, meadow, and desert and the orientation of mountains and highland. The variances explained by the first five REOF modes are 28. 45, 9.0, 8.0, 6.36, and 5.58 , respectively. These climate zones are: the alpine grassland area in northern Tibet and the Yangtze River source region (Zone 1), the alpine meadow area in southeastern Tibet and western Sichuan (Zone 2), the alpine desert area in northern Qinghai (Zone 3), the alpine meadow area in southern Tibet (Zone 4), and the alpine meadow area in the upper Yellow River (Zone 5). The geographical distribution of these climate zones is shown in Figure 1 . Compared to previous studies (Li and Tang, 2000; Li et al., 2003) , we have considered multiple climate factors and the difference in grassland resource between different areas of the plateau.
WARMING AND WETTING TRENDS Uniform Increase in Temperature
Figure 2 provides the distributions of annual mean temperature and the rates of temperature change for each meteorological station over QTP from 1961 to 2007, consistent with the results of previous studies. The annual mean temperature exhibits an apparent warming trend (Fig. 2a) , with a significant rise in temperature from cool to warm in 1987 as determined by the M-K test. The warming trend appears from all stations and the most obvious warming is found over the northwest (Fig. 2b) . As shown in Figure 3 , significantly warming trends are also observed in seasonal mean temperatures, especially in winter and autumn. In particular, the temperature in spring, summer, autumn, and winter increases at a rate of 0.025 uC, 0.026 uC, 0.038 uC, and 0.059 uC per year, respectively, all exceeding the 99.9% confidence level. The annual-averaged daily maximum and minimum temperatures also increase at a rate of 0.028 uC and 0.051 uC per year, respectively. These features indicate that the changes in temperature over QTP are most significant in winter and at nighttime, consistent with the result of Liu et al. (2006) , in spite of different periods of time and stations analyzed.
To further depict the details of climate change over QTP, we show in Table 1 the change rates of mean, maximum, and minimum temperature for the annual means and various seasons and for different climate zones (see Fig. 1 ). For the values shown in the table, we first calculate the means for all stations for each zone and each season and then use the computer to generate the long-term changes in these means for each field. Several features can be identified from the table. First, temperatures tend to increase uniformly in all seasons and all climate zones, not only for the mean temperature, but also for maximum and minimum temperatures. Second, for the various climate zones, the rises of means and maximum and minimum temperatures are more significant in autumn and winter, especially in winter, than in spring and summer. Third, the changes in the annual mean temperature are largest and most significant in northern Qinghai (Zone 3) but smallest and least significant in southern Tibet (Zone 4), indicating that the warming trend measured by annual mean temperature is more distinct at higher latitudes than at lower latitudes. Furthermore, the increases in minimum temperature are larger than those increases in the mean and maximum tempera- Table 1 provides detailed features about the changes in temperature for various climate zones, compared with many previous studies. Figure 4 , which shows the changes in annual precipitation, clearly indicates a positive trend of precipitation, with a rate of 0.91 mm per year (significantly exceeding the 99% confidence level). A significant change from dry to wet climate over the plateau occurs as early as 1974, as determined by the M-K test.
Diversified Increase in Precipitation
However, the changes in annual precipitation are also characterized by large regional features (Fig. 4b) . Specifically, the trends are positive in the central-eastern Qaidam Basin of northern Qinghai, southeast Tibet, and northwest Sichuan. Negative trends are seen in other regions, especially over Hequ in the upper Yellow River basin (the area encircled by red line on the right of the figure). Comparison of Figures 2 and 4 shows that large increases in temperature occur over the regions with small changes in precipitation, whereas small increases in temperature appear over the regions with large changes in precipitation. The changes in precipitation are, respectively, 0.47, 0.17, 0.11, and 0.14 mm per year for spring, summer, autumn, and winter, and the changes in spring and winter significantly exceed the 99.9% confidence level. A further analysis shows that the number of annual precipitation days (precipitation greater than 0.1 mm per day) also tends to increase, with a rate of 0.13 days per year (exceeding the 95% confidence level). For the individual seasons, the rates are 0.067 and 0.091 days per year in winter and spring, significantly exceeding the 99% and 99.9% confidence levels, respectively. Insignificant negative trends are found for summer and autumn, with a rate of 20.006 and 0.019 days per year, respectively. Table 2 shows the changes in precipitation amount and the number of precipitation days for various seasons and various climate zones. It reveals the following major features. (1) The trends in both precipitation amount and the number of precipitation days are positive in all zones for winter, spring, and annual means. (2) In summer and autumn, both positive and   TABLE 1 Averaged rates of changes in mean, maximum, and minimum temperatures over the various climate zones in the Qinghai-Tibet Plateau from 1961 to 2007 (uC yr 21 ). Results are shown for seasonal and annual means, and values that significantly exceed the 95%, 99%, and 99.9% confidence levels (F-test) are indicated by *, **, and ***, respectively. negative trends appear. However, the negative trends are insignificant. (3) The most significant increase in precipitation amount occurs in southeastern Tibet and western Sichuan (Zone 2), while the most significant increase in the number of precipitation days occurs in southern Tibet (Zone 4). In general, the changes are large over the climate zones with large precipitation amount and large number of precipitation days. The above analyses indicate the change in precipitation is more regionally complicated, compared to the change in temperature over the plateau region.
CHANGES TOWARDS WARMING AND WETTING EXTREME CLIMATE EVENTS Increase in Warm and Wet Events
We further analyze the various classes of cool-warm and drywet climate to better determine and describe the changes in temperature and precipitation events. Figure 5 shows the changes in cool-warm and dry-wet classes in the QTP region. There are positive trends in both cool-warm and wet-dry classes, which are significant at the 99.9% and 95% confidence levels, respectively. As shown above, the year 1987 is a turning point of the warming climate over the plateau (determined by the M-K test). There are 3 slightly warm years before 1987, and 16 slightly-warm and warm years since then. There are 4 slightly-wet and wet years before 1987, and 11 slightly-wet and wet years after that, showing a trend towards a warming and wetting climate. This result is consistent with that of Qian and Qin (2008) who showed a rapid increase in the annual precipitation over Northwest China (Xinjiang) in 1987. A more detailed analysis indicates that there are warming and wetting trends measured by the cool-warm and dry-wet classes for all climate zones except a slightly decreasing trend in dry-wet class in the upper Yellow River valley (Zone 5). The largest and most significant upward trends in cool-warm and dry-wet classes are found in northern Qinghai (Zone 3). Figure 6 displays the anomalies of the frequencies of extremely high temperature and heavy rain occurrences in the QTP region. There are increasing trends in both temperature and precipitation events, with the trend of extremely high temperature reaching the 99.9% confidence level. Eight heavy-rain events occurred in the 21 years after 1987, with a frequency of 38% for positive anomalies, higher than the frequency of 27% before 1987. For the trends of both temperature and precipitation events, all climate zones present upwards trends, with an exception in the upper Yellow River basin (Zone 5) showing a slight decrease in heavy rain occurrence. Southern Tibet (Zone 4) has the largest and most significant upward trend. Figure 7 shows the changes in frequencies of extremely low temperature and severely dry events. There exist negative trends in both extremely low temperature and severely dry events in the 47-year period, significant at the 99% and 99.9% confidence levels, respectively. Here, we also take 1987 as a turning point of climate change. Among the 26 years before 1987, 11 years experienced extremely low temperature events and 10 years experienced severely dry events. After 1987, 15 and 18 years witnessed the two categories, respectively. There have been significant decreases in the frequencies of both extremely low temperature and severely dry events, similar to the result of You et al. (2008) . Furthermore, there has also been a decreasing trend in the frequency of extremely low temperature events for each climate zone (Fig. 8) . Particularly, northern Qinghai (Zone 3) exhibits the greatest and FIGURE 5. Changes in cool-warm classes (a) and dry-wet classes (b) over the Qinghai-Tibet Plateau from 1961 to 2007. Upward order of 22, 21, 0, 1, and 2 is set for cool, slightly cool, normal, slightly warm, and warm in (a), and for dry, slightly dry, normal, slightly wet, and wet in (b). most significant decrease. The frequency of severely dry events also decreases in all the climate zones analyzed (Fig. 9) , with the largest decrease over southeastern Tibet and western Sichuan (Zone 2). Relatively more apparent features are found in the decreases in extremely low temperature events than in the decreases in severely dry events.
Negative Trends in Dry and Cool Events

Conclusions
In this study, we have analyzed the meteorological data over 66 stations in the Qinghai-Tibet Plateau region for . Analysis of the temperature, precipitation, and aridity over various stations and averaged over various climate zones and the plateau reveals several important features about the changes in (1) A rotational EOF analysis of aridity computed from both temperature and precipitation, with considerations of other geographical factors including land cover and terrains, shows that the QTP region can be divided into five climate zones: the alpine grassland area in northern Tibet and the Yangtze River source region, the alpine meadow area in southeastern Tibet and western Sichuan, the alpine desert area in northern Qinghai, the alpine meadow area in southern Tibet, and the alpine meadow area in the upper Yellow River basin. This classification of climate zones is consistent with the distributions of geographical and grassland features. (2) The QTP has experienced significant warming and wetting trends. Both precipitation amount and the number of precipitation days have increased significantly. Compared to the increases in annual mean temperature and in maximum and minimum temperatures, the increases in precipitation amount and the number of precipitation days are characterized by larger seasonal and regional heterogeneousness. While the trends in precipitation amount and the number of precipitation days are positive in all climate zones for winter and spring, both positive and insignificant negative trends appear in summer and autumn. (3) The QTP plateau has exhibited increases in extreme high temperature events and heavy precipitation events. Decreases in extreme low temperature events, especially in northern Qinghai, and serious dry events, especially over southeastern Tibet and western Sichuan, have also been found. That is, warm and wet events have increased but cold and dry events have decreased over the QTP region.
